The replication-competent murine and feline leukemia viruses lack an oncogene within the genome and induce malignant disease in a tissue-specific manner. For example, Moloney murine leukemia virus (Mo-MuLV), a replication-competent nonacute retrovirus, induces a T-lymphoblastic lymphoma in virtually 100% of susceptible neonatal mice. Mo-MuLV induces T-cell lymphoma with a latency period of 3 to 4 months, an indicator that multiple steps are involved in disease development. Events characteristically associated with Mo-MuLVinduced lymphoma include (i) virus replication in target cells of the bone marrow, spleen, and thymus, (ii) the appearance of mink cell focus-inducing (MCF) viruses that arise by env gene recombination between Mo-MuLV and endogenous MuLVrelated sequences, and (iii) insertional mutagenesis of protooncogenes via adjacent proviral integration, thus activating the malignant potential of the proto-oncogene in the target cell for transformation (reviewed in reference 19).
The replication-competent murine and feline leukemia viruses lack an oncogene within the genome and induce malignant disease in a tissue-specific manner. For example, Moloney murine leukemia virus (Mo-MuLV), a replication-competent nonacute retrovirus, induces a T-lymphoblastic lymphoma in virtually 100% of susceptible neonatal mice. Mo-MuLV induces T-cell lymphoma with a latency period of 3 to 4 months, an indicator that multiple steps are involved in disease development. Events characteristically associated with Mo-MuLVinduced lymphoma include (i) virus replication in target cells of the bone marrow, spleen, and thymus, (ii) the appearance of mink cell focus-inducing (MCF) viruses that arise by env gene recombination between Mo-MuLV and endogenous MuLVrelated sequences, and (iii) insertional mutagenesis of protooncogenes via adjacent proviral integration, thus activating the malignant potential of the proto-oncogene in the target cell for transformation (reviewed in reference 19) .
The major Mo-MuLV-encoded determinant of both tumorigenic potency and T-cell disease specificity resides in the long terminal repeat (LTR), particularly within the tandemly duplicated, 75-bp transcriptional enhancers present in the U3 region of the LTR (13, 14, 17, 18, 25, 29) . The LTR of MoMuLV, like other mammalian leukemia viruses, is implicated in oncogenesis because of its influence on virus replication in relevant target tissues, on the formation and propagation of env recombinant viruses, and on the activation of cellular proto-oncogenes adjacent to sites of proviral integration (reviewed in reference 19) . The Mo-MuLV LTR functions preferentially in T cells, a consequence of the recognition of protein binding sites within the transcriptional enhancers by cellular factors whose activity is restricted to specific cell types or differentiation states. The cell type-specific enhancer activity of Mo-MuLV, as of other MuLVs, has been correlated positively with the tumorigenic spectrum of the retrovirus (7, 8, 22, 30, (38) (39) (40) (41) .
The tandem repeat structure of the MuLV enhancer is considered to be important to its cell type-specific function and tumorigenic potential. For example, the oncogenic potential of Mo-MuLV, containing the tandemly repeated enhancer, has been compared with that of a Mo-MuLV mutant containing only a single copy of the enhancer. The comparison demonstrated that both the parental type and the mutant can induce neoplastic disease of the thymus but that the mutant does so with significantly prolonged latency (29) . Similar observations have been reported for pathogenic AKR MCF recombinant viruses (24) . It is noteworthy that the tandemly duplicated enhancer structure is also conserved in T-cell-lymphoma-derived isolates of feline leukemia virus (FeLV), a naturally occurring retrovirus associated with thymic lymphoma of T-cell origin in the domestic cat. The majority of FeLV proviruses found in naturally occurring T-cell lymphomas contain LTRs with tandem repeats of two or three copies of the enhancer. By comparison, the majority of FeLV proviruses isolated from healthy animals or from animals with nonneoplastic diseases contain only a single enhancer in the LTR. On the basis of these observations, it has been suggested that the enhancer repeats arise de novo during FeLV infection and are strongly associated with the induction of T-cell lymphoma (3, 21, 31, 32) . In a recent test of this hypothesis, cats were infected experimentally with a natural isolate of FeLV containing only a single enhancer in the U3 region. Examination of proviruses derived from the resulting thymic tumors revealed that enhancer duplications had occurred in the LTR; however, FeLV LTRs from animals that did not develop tumors were observed to retain the single-enhancer structure (36) .
Unlike Mo-MuLV, infection with FeLV does not uniformly induce T-cell lymphoma. In fact, natural FeLV infections are associated with a variety of malignant, proliferative, and degenerative disorders (35) . In previous studies, we have extensively examined FeLV-positive, naturally occurring, non-Tcell, non-B-cell lymphomas classified clinically as multicentric, whose cell type of origin is apparently a primitive lymphoid cell or other hematopoietic progenitor (1, 2, 27) . FeLV proviruses derived directly from these non-T-cell, non-B-cell lymphomas contain LTRs of unique structure. The U3 region of the FeLV LTR from these tumors is unusual in that it contains only a single copy of the enhancer, followed 25 bp downstream by a tandem triplication of a 21-bp sequence. Triplication of the 21-bp sequence has not been observed in any other isolate of FeLV or in any other mammalian retrovirus (1, 27) . Our previous studies indicate that the 21-bp sequence triplication contributes enhancer function to the LTR that contains it and that it functions preferentially in a primitive hematopoietic cell line (2) . The repeated identification of the single-enhancer, triplication-containing FeLV LTR uniquely in non-T-cell, non-Bcell multicentric lymphomas and its relatively high level of activity in a multipotential hematopoietic cell line suggest that it is an important determinant of the tumor type in which it is identified. On this basis, we hypothesized that replacement of the U3 region of Mo-MuLV LTR with the homologous region from the triplication-containing FeLV LTR would alter the tumorigenic spectrum of Mo-MuLV to include primitive hematopoietic targets. A recombinant retrovirus, termed MoFe2-MuLV, was developed to test this hypothesis.
MATERIALS AND METHODS

Construction of recombinant virus.
The recombinant virus MoFe2-MuLV was constructed from an infectious molecular clone of Mo-MuLV proviral DNA termed p63-2. Through a series of steps of restriction enzyme digestions and ligations (diagrammed in Fig. 1B) , both LTRs of p63-2 were replaced between the EcoRV and SmaI sites with the homologous fragment from the LTR of FeLV-945 (27) . The nucleotide sequence of the recombinant LTR was verified. To obtain infectious MoFe2-MuLV virus particles, MoFe2-MuLV plasmid DNA was introduced by electroporation into SC-1 cells (ATCC CRL-1404), an embryo fibroblast line derived from a feral mouse. Transfected cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. Productive MoFe2-MuLV infection in SC-1 cells was detected after 10 days by demonstration of reverse transcriptase activity in culture supernatants as previously described (6) . Culture supernatants from productively infected cells were collected, filtered to remove cellular debris, and frozen in aliquots at Ϫ70°C. The titer of virus in culture supernatants was determined by XC assay (37) .
Inoculation of mice. Neonatal NIH-Swiss mice (1 to 2 days old) were inoculated intraperitoneally with 0.2 ml of culture supernatant containing MoFe2-MuLV. Animals were monitored regularly until they died naturally from lymphoma or until significant morbidity required sacrifice. Necropsy was performed on all infected animals for the collection of tissues.
Southern blot analysis. High-molecular-weight DNA was isolated from tumors, and Southern blot analysis was performed as previously described (1) . The T-cell receptor beta (TCR␤) locus was examined with 86T5, a 600-bp EcoRI fragment cloned as a cDNA for the murine TCR␤ locus (23) . The flvi-1 locus was examined with probe A, a 1.2-kb PstI-EcoRI fragment, and probe D, a 0.9-kb BamHI-SacI fragment, cloned from feline flvi-1 flanking the domain of common retroviral insertion (26) . The c-myc locus was examined with pSVcmyc1 (ATCC 41029), a clone of mouse genomic DNA representing c-myc exons 2 and 3. The pim-1 locus was examined with a 0.9-kb BamHI fragment of murine pim-1 genomic DNA (a gift of Anton Berns, Netherlands Cancer Institute). The pvt-1 locus was examined with a 2.2-kb XbaI fragment of murine pvt-1 (16) . The probe for the 3Ј env region of MoFe2-MuLV was a 1.1-kb BamHI-ClaI fragment isolated from p63-2, an infectious molecular clone of Mo-MuLV.
PCR amplification, cloning and sequencing of products. Primer pair MoFe2A and MoFe2B (sequences shown in Fig. 1C ) were used to amplify a portion of the LTR from integrated proviruses in tumor DNA. PCR mixtures (100-l total volume) contained 1 g of tumor DNA, 400 ng of each primer, 1.5 mM MgCl 2 , and 0.2 mM each of the four deoxyribonucleoside triphosphates, in a Taq DNA polymerase reaction buffer provided by the manufacturer (Promega). An initial denaturation step at 98°C for 5 min was followed by addition of 2.5 U of Taq DNA polymerase (Promega), annealing at 58°C for 5 min, and extension at 72°C for 1 min. This was followed by 35 cycles of PCR, with denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min, with a final extension step at 72°C for 15 min. Amplification products were examined by agarose gel electrophoresis and cloned into the pGEM-T plasmid vector (Promega). Nucleotide sequence analysis was performed by using dideoxy chain termination reactions with Sequenase as described by the manufacturer (Amersham Life Sciences).
RESULTS
Construction of recombinant virus and infection of neonatal mice. To examine the influence of the triplication-containing
FeLV LTR on tumorigenesis, we developed a recombinant retrovirus, termed MoFe2-MuLV, in which the U3 region of Mo-MuLV was replaced by U3 sequences from the LTR of FeLV-945. FeLV-945 is an FeLV provirus derived from a naturally occurring, non-T-cell, non-B-cell lymphoma of a domestic cat. The LTR of FeLV-945, typical of proviruses derived from tumors of this type, contains in U3 a single copy of a transcriptional enhancer followed 25 bp downstream by a tandem triplication of a 21-bp sequence (1, 27) . By comparison, the LTR of Mo-MuLV contains in U3 a tandemly duplicated direct repeat of a 75-bp enhancer. The single enhancer present in FeLV-945 contains nuclear protein binding sites homologous to some of those previously identified in the MoMuLV enhancer (21, 39) . Of particular note are the LVb and core binding sites, previously identified as major determinants of the T-cell specificity and tumorigenic potential of MoMuLV (22, 29, 40) . The LVb binding sites in the enhancers of Mo-MuLV and FeLV-945 are identical in sequence; however, the core binding sites differ at two residues (underlined) (TG TGGTAAG versus TGTGGTTAA [Fig. 1A] ). The FeLV-945 core binding site is identical in sequence to that of the Tlymphomagenic murine leukemia virus SL3-3. In fact, recent studies of T-cell lymphoma-derived FeLV, containing a tandem repeat of this enhancer, show that it substitutes functionally for that of SL3-3 in the induction of T-cell lymphoma (34) .
To construct MoFe2-MuLV, the U3 region of Mo-MuLV in both LTRs was replaced by that of FeLV-945 between conserved EcoRV and SmaI restriction sites as shown (Fig. 1B) . Nucleotide sequence analysis of the recombinant MoFe2-MuLV LTR revealed a single copy of enhancer that includes LVa, NF-1, and LVb binding sites contributed by Mo-MuLV sequences followed by core, NF-1, and GRE binding sites contributed by FeLV sequences. The 21-bp sequence triplication characteristic of FeLV-945 is also evident, beginning 25 bp downstream of the enhancer (Fig. 1C) . The MoFe2-MuLV recombinant virus was shown to be infectious in vitro following transfection into murine SC-1 cells, although the virus titer in VOL. 72, 1998 TUMORIGENIC POTENTIAL OF AN MuLV-FeLV RECOMBINANTculture supernatants was relatively low (1,300 XC PFU/ml). Neonatal NIH-Swiss mice (n ϭ 14) were inoculated intraperitoneally with tissue culture supernatant of SC-1 cells productively infected with MoFe2-MuLV (0.2 ml; 260 XC PFU). Tumors occurred in 13 of 14 infected animals, with a latency period of 4 to 10 months (average, 6 months). Tumors generally involved the spleen, thymus, and occasionally the lymph nodes of diseased animals. Cell type of origin of MoFe2-induced tumors. Tumors induced by Mo-MuLV are invariably of T-cell origin, as detected by clonal, somatic rearrangement of the TCR␤ locus in tumor DNA (9) . To determine whether tumors induced by MoFe2-MuLV were of T-cell origin, Southern blot analysis of the TCR␤ locus was performed. Southern blot analysis clearly demonstrated clonal, somatic rearrangement of the TCR␤ locus in the DNA from all MoFe2-MuLV-induced tumors examined (11 of 14) (Fig. 2) . This finding demonstrates that MoFe2-MuLV-induced tumors are lymphomas of T-cell origin and, thus, that the tumorigenic spectrum of Mo-MuLV is unchanged by the substitution of LTR sequences from non-T-cell lymphoma-derived FeLV.
Sequence of the LTR in MoFe2-MuLV-induced tumors. The finding that MoFe2-MuLV uniformly induces lymphomas of T-cell origin is unexpected because the LTR of MoFe2-MuLV lacks the tandemly repeated enhancer known to function as a major determinant of T-cell lymphomagenicity and contains FeLV sequence elements identified uniquely in non-T-cell lymphomas (reviewed in references 3 and 19). One possible explanation for this result is that recombination occurred in vivo in infected animals to regenerate an LTR similar in structure to that of wild-type Mo-MuLV. To test this possibility, LTRs were amplified from the DNA from MoFe2-MuLVinduced tumors, using PCR primers derived from the MoMuLV LTR sequence (shown in Fig. 1C) . The results of PCR analysis demonstrated variation in LTR structure as a function of time after infection (Fig. 3) . In relatively early appearing tumors, a predominant amplification product was observed of the size predicted from the intact MoFe2-MuLV LTR (457 bp). Nucleotide sequence analysis revealed that the predominant amplification product from early-appearing tumors re- tained the original MoFe2-MuLV sequence intact and unaltered. A minor, slightly larger amplification product seen in two early-appearing tumors (477-2 and 477-3) was shown to contain the 21-bp sequence in quadruplicate in tandem (Fig.   4A) . A minor amplification product seen in the early-appearing tumor 493-1 was shown to contain the unaltered MoFe2-MuLV sequence, except with only a single copy of the 21-bp sequence (not shown). In contrast, in the relatively late appearing tumors, multiple amplification products were evident by PCR amplification (Fig. 3) . Nucleotide sequence analysis demonstrated that LTRs from these tumors retained the 21-bp sequence triplication but acquired various duplications of enhancer during replication in vivo. The acquired duplications of enhancer were of variable length and included the FeLV core, NF-1, and GRE binding sites. The LVb/Ets site was not necessarily included in the duplication. Variable spacing was observed between the acquired duplications of enhancer and between the enhancers and the 21-bp sequence triplication (Fig. 4B) .
Proto-oncogene involvement in MoFe2-MuLV-induced tumors. T-cell lymphomas induced by Mo-MuLV typically contain proviral insertions within at least one of three cellular loci: c-myc, pim-1, and pvt-1 (reviewed in reference 19). The tandemly repeated enhancer in the MuLV LTR has been implicated as an important determinant of its ability to activate these proto-oncogenes in T-cell lymphomas, particularly c-myc (15, 33) . In contrast, in the non-T-cell, non-B-cell lymphomas like those from which FeLV-945 was identified, neither c-myc, pim-1, nor pvt-1 is targeted for insertional mutagenesis. Rather, a locus in feline DNA of unknown function, termed flvi-1, is a common target of proviral integration. Presumably, the unique structure of the FeLV-945 LTR is relevant to activation of a gene sequence within or near flvi-1 (1, 27) . Considering that the MoFe2-MuLV LTR contains sequence elements typical of both Mo-MuLV and FeLV-945, we wished to examine the pattern of proto-oncogene involvement in MoFe2-MuLV-induced tumors. We tested by Southern blot analysis the organization of c-myc, pim-1, pvt-1, and flvi-1 loci in the DNA from 11 MoFe2-MuLV-induced lymphomas. Tumor DNA samples were digested with at least two different restriction enzymes in order to visualize approximately 20 kb of each proto-oncogene locus by Southern blot analysis. No rearrangements were detected in any of the loci examined (data not shown). Thus, the pattern of proto-oncogene involvement is apparently distinct from those of both Mo-MuLV and FeLV-945.
MCF viruses in MoFe2-MuLV-induced lymphomas. Strongly associated with Mo-MuLV-mediated lymphomagenesis is the appearance of recombinant MCF viruses, so named because of their expanded host range. Moloney MCF viruses represent env gene recombinants between the infecting MoMuLV and endogenous polytropic provirus resident in the mouse genome (19) . By virtue of distinctive restriction enzyme sites in the recombinant env gene, Moloney MCF proviruses in tumor DNA can be detected by Southern blot analysis using a 1.1-kb BamHI-ClaI fragment of the Mo-MuLV env gene as the probe (5). As previously described (5), digestion of tumor DNA with BamHI and ClaI is predicted to yield a 1.1-kb fragment generated from the ecotropic envelope of MoFe2-MuLV; however, the same digestion is predicted to yield a 1.9-kb fragment diagnostic of the MCF recombinant virus. Southern blot analysis of the DNA from 10 MoFe2-MuLVinduced tumors, digested with BamHI and ClaI and hybridized to the 1.1-kb env gene probe, revealed the 1.1-kb fragment generated from ecotropic MoFe2-MuLV in all samples examined. MCF proviral DNA, as evidenced by the diagnostic 1.9-kb fragment, was readily detectable in five tumors examined and weakly detectable or absent in five others (Fig. 5) . The presence or absence of MCF virus did not correlate with the kinetics of tumor induction.
DISCUSSION
In this study, an infectious, recombinant retrovirus (MoFe2-MuLV) was generated by replacing the U3 region of the MoMuLV LTR with homologous sequences from the LTR of FeLV-945 (Fig. 1) . The FeLV-945 LTR has been identified in 73% of natural feline lymphomas of non-T-cell, non-B-cell origin and is identified uniquely in those tumors (1, 27) . On this basis, we hypothesized that substitution of the U3 region of FeLV-945 into Mo-MuLV would alter the tumorigenic spectrum of that virus. However, the results of this study demonstrate that neonatal mice infected with the recombinant virus MoFe2-MuLV develop lymphomas exclusively of T-cell origin (Fig. 2) . Thus, the presence of the FeLV-945 LTR does not redirect the tumorigenic spectrum of T-lymphomagenic MoMuLV toward a more primitive hematopoietic cell.
The latency of tumor induction following MoFe2-MuLV infection is somewhat prolonged, i.e., 4 to 10 months (average, 6 months) compared to the 3-to 4-month latency associated with Mo-MuLV infection. This delay in tumor formation may be due to the relatively low inoculum (260 XC PFU of MoFe2-MuLV) compared to the 400-fold-greater inoculum typically used in studies of Mo-MuLV pathogenesis (4, 12) . Alternatively, the delay in tumor formation may reflect the presence of only a single enhancer in the MoFe2-MuLV LTR. Singleenhancer mutants of Mo-MuLV have been shown by others to induce T-cell tumors with a prolonged latency that is similar to that of MoFe2-MuLV (mean, 190 days [29] ). This similarity suggests that the presence of the 21-bp sequence triplication in the MoFe2-MuLV LTR may not accelerate the malignant process in T-cells compared to a single-enhancer derivative of Mo-MuLV that lacks the triplication.
It is striking that proviruses in the most rapidly arising tumors contained the input LTR of MoFe2-MuLV intact and unaltered ( Fig. 3 and 4) ; thus, the single-enhancer, triplicationcontaining U3 region of FeLV-945 is competent in the induction of T-cell lymphomas in mice. In this respect, it is noteworthy that the LVb binding site in the FeLV-945 enhancer is identical to that of Mo-MuLV and that the FeLV-945 core binding site is identical to that of SL3-3. The LVb and core binding sites of Mo-MuLV and SL3-3 have been amply demonstrated to determine the tumorigenic potential and T-cell target specificity of lymphomagenesis mediated by those viruses (7, 22, 29, 30, 40) . The ability of MoFe2-MuLV to induce T-cell lymphoma is also consistent with our previous studies of the function of the FeLV-945 LTR in reporter gene assays in vitro. Those studies demonstrated that the FeLV-945 LTR directs reporter gene expression in T cells to a level indistinguishable from that of the double-enhancer, T-cell-lymphomaderived FeLV LTR (2). Thus, it might be predicted that the FeLV-945 LTR functions efficiently in T-cell lymphomagenesis. However, our previous studies also showed that the FeLV-945 LTR drives reporter gene expression in a primitive hematopoietic cell line to significantly higher levels than does the T-cell-derived, double-enhancer LTR. We correlated this high level of activity in primitive hematopoietic cells with the fact that LTRs of the FeLV-945 type are identified exclusively in non-T-cell, non-B-cell lymphomas (1, 2, 27) . It is not yet clear why FeLV-945 is associated uniquely with non-T-cell, non-B-cell lymphomas, when the LTR is clearly functional in T-cell lymphomagenesis. However, the env gene of FeLV-945 is known to contain sequence elements clearly distinguishable from the highly conserved env genes of horizontally transmissible FeLV (1, 27a) . One possibility is that in addition to the unique LTR, the unique env gene of FeLV-945 is an important participant in determining its tumorigenic spectrum. FeLV-945 env sequences were not present in the MoFe2-MuLV recombinant virus and thus could not exert an influence on its tumorigenic spectrum. Indeed, experiments with other murine retroviruses suggest that the nature of the envelope glycoprotein influences the type of leukemia that results. For instance, when a recombinant Mo-MuLV containing the avian v-myc oncogene is pseudotyped with an amphotropic MuLV helper, it induces both B and T lymphomas in mice (9); however, when the same virus is pseudotyped with ecotropic MuLVs, only T lymphomas result (22a) .
In contrast to the tumors appearing most rapidly in MoFe2-MuLV-infected mice, late-appearing lymphomas were observed to contain LTRs in which a variety of enhancer duplications had occurred. All such LTRs retained the 21-bp sequence triplication characteristic of the FeLV-945 sequence but had acquired a complete or nearly complete duplication of the FeLV-derived enhancer element ( Fig. 3 and 4) . The repeated identification of enhancer duplications in late-appearing tumors suggests that the duplication may afford some selective advantage. The advantage is apparently not in the efficient induction of T-cell lymphoma, however, since the input virus is equally tumorigenic yet lacks a duplicated enhancer. An intriguing possibility is that the enhancer duplication offers a selective advantage not in the malignant process but in persistent virus propagation in the animal. Alternatively, the enhancer duplication may not afford a selective advantage; rather, enhancer duplications may occur repeatedly in lateappearing tumors simply because the probability for duplication may increase as a function of time after infection and cycles of replication. A test of these possibilities would require longitudinal studies in which the appearance, prevalence, and tissue distribution of the duplicated enhancer-containing LTR could be tracked.
The mechanism of action of the recombinant MoFe2-MuLV LTR in T-cell tumorigenesis is of interest, particularly with respect to the patterns of insertional mutagenesis of protooncogenes. Mo-MuLV-induced T-cell lymphomas typically contain proviral insertions within or near the cellular genes c-myc, pim-1, and pvt-1 (reviewed in reference 19) . Previous studies of MuLVs indicate that the double-enhancer structure of the LTR is relevant to its ability to activate expression of the adjacent proto-oncogene in T-cell tumors, particularly in the case of c-myc. One approach to this issue has been to inoculate animals with MuLVs bearing LTR mutations and deletions. T-cell tumorigenesis is then examined as a potent selective force for LTR rearrangements, duplications, and mutations in vivo that increase the malignant potential of the virus. The results of such studies demonstrate that MuLV LTRs integrated adjacent to c-myc in tumor DNA typically contain multiple enhancers, in some cases with a distinctive sequence in the nuclear protein binding sites (15, 33) . Similarly, in natural feline T-cell lymphomas, the FeLV LTR integrated adjacent to c-myc also contains multiple enhancer repeats (32) . Taken together, these findings indicate that the repeated enhancer impacts on the ability of the LTR to activate proto-oncogenes in T-cell tumors. The absence of proviral insertions near c-myc, pim-1, or pvt-1 in MoFe2-MuLV-induced tumors is consistent with this hypothesis, since the MoFe2-MuLV LTR lacks a tandem repeat of enhancer. The absence of insertional mutagenesis of flvi-1 is also noteworthy, since this is a common domain of FeLV-945 integration in feline lymphomas (27) . These findings suggest that the MoFe2-MuLV LTR interacts with proto-oncogenes different from those associated with either parental type; indeed, novel oncogenes may be activated by the recombinant LTR. The search to identify the targets of MoFe2-MuLV-mediated insertional mutagenesis is ongoing at present. When such targets are identified, a key issue will be analysis of the LTR structure at the commonly integrated site.
Finally, we examined the generation of env recombinant MCF viruses in MoFe2-MuLV-induced tumors, since their appearance has been established as an important preleukemic event in Mo-MuLV lymphomagenesis. Although their exact role is not yet known, MCFs may function to circumvent superinfection interference in ecotropic virus-infected cells, thus permitting increased virus replication in the target tissue. MCFs may also function more actively in the malignant process, e.g., by suppressing the growth of bone marrow stromal cells, thus inducing a compensatory extramedullary hematopoiesis that provides an actively dividing population of cells vulnerable to secondary transformation events (5, 10, 28) and/or by directly stimulating the growth of the T-cell target for transformation through mitogenic signal pathways (20) . In the case of another recombinant derivative of Mo-MuLV, in which enhancer sequences of murine polyomavirus were inserted between enhancer and promoter elements of the MoMuLV LTR, the ability to generate MCF viruses during infection was linked strongly to the malignant potential of the virus (4, 5, 11, 12) . In MoFe2-MuLV-induced lymphomas, MCF viruses could be detected in some tumors but not in others (Fig. 5) . It is noteworthy that the appearance of MCF does not correlate with the kinetics of tumor induction; thus, the formation of MCF recombinants is apparently not a requirement in tumorigenesis by this chimeric virus, nor is it linked to the efficiency of tumor induction.
These findings show that the substitution into Mo-MuLV of a unique FeLV LTR, obtained exclusively from natural non-T-cell, non-B-cell lymphomas, does not alter or expand the tumorigenic spectrum of Mo-MuLV beyond the induction of T-cell lymphoma. The mechanisms of disease induction, however, may be distinct, since the patterns of proto-oncogene induction and MCF formation are different. These differences may reflect a different combination of events leading to transformation of the target T lymphocyte during infection with MoFe2-MuLV.
